Endothelial NO production results in local formation of adducts that may act as storage forms of NO. Because little is known about their chemical nature, concentrations, and possible role in vascular biology, we sought to characterize those species basally present in rat aorta, using two independent approaches. In the first approach, tissue homogenates were analyzed by using chemiluminescenceand ion-chromatography-based techniques that allow trace-level quantification of NO-related compounds in complex biological matrices. In the second approach, NO stores were characterized by their ability to release NO when illuminated with light and subsequently relax vascular smooth muscle (photorelaxation). The latter included a careful assessment of action spectra for photorelaxation, taking into account the light-scattering properties of the tissue and the storage depletion rates induced by exposure to controlled levels of light. Biochemical analyses revealed that aortic tissues contained 10 ؎ 1 M nitrite, 42 ؎ 7 M nitrate, 40 ؎ 6 nM S-nitroso, and 33 ؎ 6 nM N-nitroso compounds (n ‫؍‬ 4 -8). The functional data obtained suggest that the NO photolytically released in the tissue originated from species with photophysical properties similar to those reported for low-molecular-weight S-nitrosothiols, as well as from nitrite. The relative contribution of these potential NO stores to the extent of photorelaxation was consistent with their concentrations detected biochemically in vascular tissue when their photoactivity was taken into account. We conclude that intravascular nitroso species and nitrite both have the potential to release physiologically relevant quantities of NO independent of enzymatic control by NO synthase. M uch attention has been devoted recently to the role of S-nitrosothiols (RSNO) in plasma and circulating erythrocytes, where they are believed to act as a buffer and transport system for NO that is involved in the regulation of vascular tone and blood flow (1-3). The existence of such transporters may have profound implications for the regulation of tissue perfusion, inasmuch as this system appears to operate independently of local enzymatic control via NO synthase. Considerably less attention has been paid to the presence of NO-related products in extraluminal compartments, such as cells of the vascular wall, where they arise as a consequence of endothelial NO production. It is conceivable that such tissue products could also contribute to local blood flow regulation and provide, e.g., additional antiadhesive protection, if bioactivated to regenerate NO. This may be of particular significance under conditions of endothelial dysfunction and in disease states known to be associated with impaired enzymatic NO production. Alternatively, they may represent useful diagnostic markers of nitrosative stress.
Endothelial NO production results in local formation of adducts that may act as storage forms of NO. Because little is known about their chemical nature, concentrations, and possible role in vascular biology, we sought to characterize those species basally present in rat aorta, using two independent approaches. In the first approach, tissue homogenates were analyzed by using chemiluminescenceand ion-chromatography-based techniques that allow trace-level quantification of NO-related compounds in complex biological matrices. In the second approach, NO stores were characterized by their ability to release NO when illuminated with light and subsequently relax vascular smooth muscle (photorelaxation). The latter included a careful assessment of action spectra for photorelaxation, taking into account the light-scattering properties of the tissue and the storage depletion rates induced by exposure to controlled levels of light. Biochemical analyses revealed that aortic tissues contained 10 ؎ 1 M nitrite, 42 ؎ 7 M nitrate, 40 ؎ 6 nM S-nitroso, and 33 ؎ 6 nM N-nitroso compounds (n ‫؍‬ 4 -8). The functional data obtained suggest that the NO photolytically released in the tissue originated from species with photophysical properties similar to those reported for low-molecular-weight S-nitrosothiols, as well as from nitrite. The relative contribution of these potential NO stores to the extent of photorelaxation was consistent with their concentrations detected biochemically in vascular tissue when their photoactivity was taken into account. We conclude that intravascular nitroso species and nitrite both have the potential to release physiologically relevant quantities of NO independent of enzymatic control by NO synthase.
M
uch attention has been devoted recently to the role of S-nitrosothiols (RSNO) in plasma and circulating erythrocytes, where they are believed to act as a buffer and transport system for NO that is involved in the regulation of vascular tone and blood flow (1) (2) (3) . The existence of such transporters may have profound implications for the regulation of tissue perfusion, inasmuch as this system appears to operate independently of local enzymatic control via NO synthase. Considerably less attention has been paid to the presence of NO-related products in extraluminal compartments, such as cells of the vascular wall, where they arise as a consequence of endothelial NO production. It is conceivable that such tissue products could also contribute to local blood flow regulation and provide, e.g., additional antiadhesive protection, if bioactivated to regenerate NO. This may be of particular significance under conditions of endothelial dysfunction and in disease states known to be associated with impaired enzymatic NO production. Alternatively, they may represent useful diagnostic markers of nitrosative stress.
First evidence for the existence of stored forms of NO has been derived from experiments on the relaxant effect of light on vascular smooth muscle (4) . This phenomenon, known as ''photorelaxation,'' is now believed to arise from the electronic excitation of a preformed store that subsequently releases NO. The earliest attempt at identifying the substance associated with this activity was made by Furchgott et al. (5) They determined that the action spectrum for photorelaxation in rabbit aorta peaked near 310 nm, with a shoulder near 350 nm. Because this spectrum appeared partially distorted by a strong feature at 280 nm, which was ascribed to protein absorption, no positive chemical identification could be made. It was noted, however, that on incubation with nitrite, a 355-nm feature dominated the action spectrum (6), providing first evidence for the involvement of a NO-related species in the phenomenon of photorelaxation. Subsequent attempts by other groups to identify the light-sensitive substance responsible for this effect produced inconclusive results. Karlsson et al. (7) obtained action spectra for photorelaxation in bovine mesenteric arteries that peaked at Ϸ360-400 nm. The overlap of the peak with the one reported for soluble guanylate cyclase led the authors to believe that the heme moiety of this enzyme was involved. Another study in rabbit aortae (8) revealed an action spectrum for photorelaxation punctuated by a strong peak near 364 nm and a smaller one near 514 nm, suggesting the existence of two separate chromophores. Other attempts at identifying the nature of these photocleavable NO stores have combined biochemical approaches with UV irradiation, yielding similarly ambiguous results. Some of these studies concluded that intracellular (9, 10) or extracellular (11) (12) (13) (14) nitrite may undergo photolysis to NO. Indeed, nitrite ions do undergo NO photolysis, showing a maximum around 354 nm (15) . Other studies claimed to have identified RSNOs (16) (17) (18) as the chemical species responsible for photorelaxation. However, they possess a UVabsorption band peaking in the 330-to 340-nm range (19, 20) , which does not coincide with any of the action spectrum peaks reported in previous studies. In addition to the compounds identified above, others could be added to the list for their well-established ability to undergo UV or near-UV photolytic cleavage to NO. These include N-nitroso compounds (RNNO), nitrosylmyoglobin (MbNO), ironsulfur nitrosyl complexes (such as Roussin's Red Salt; RRS), and dinitrosyl iron complexes, which exhibit absorption maxima at 340-390 (21), 420-422 (22) , 360-370 (23) , and 310 nm (24) , respectively.
It is clear from the above that an unequivocal identification of vascular NO stores has yet to be made. Moreover, nothing is known to date about their concentrations in vascular tissue. Such fundamental information, however, is crucial for the assessment of their significance to vascular biology. The objective of the present study was to uncover the identities and concentrations of NO stores in rat aortic tissue. Using biochemical and optical approaches, we show here that the amounts of nitrite and RSNOs fully account for the photorelaxation in this tissue, with the level of photosensitivity of aortic RSNOs being consistent with those reported for lowmolecular-weight compounds in vitro. The surprising contribution of the supposedly biologically inactive NO decomposition product, nitrite is attributed to its relatively large concentration compared with the more photoactive RSNOs.
deep ether anesthesia during retrograde in situ perfusion with cold oxygenated Krebs-Henseleit (KH) buffer (pH 7.4) of the following composition (mM): 126.8 NaCl͞5.9 KCl͞2.5 CaCl 2 ͞1.2 MgCl 2 ͞1.2 NaH 2 PO 4 ͞30 NaHCO 3 ͞5 D-glucose͞0.001 indomethacin. The aorta was trimmed free of adventitia and fat in cold oxygenated KH buffer, cut into 4-to 5-mm rings, mounted on tungsten wires, and immersed in an organ bath. After 90 min of equilibration under conditions identical to those described in ii c, tissues were homogenized (5:1 v͞w) in ice-cold N-ethylmaleimide͞EDTA (10͞2 mM)-containing phosphate buffer (50 mM, pH 7.4) and analyzed immediately. In a subset of rats, tissues were processed without prior incubation in the organ bath. Nitroso species in vascular tissue were quantified by a technique that uses reductive denitrosation followed by chemiluminescence detection of NO in the gas phase and which has been described in detail elsewhere (25) . Tissues of four additional animals were analyzed for NO-heme species by direct injection of vascular homogenates into an oxidizing solution comprised of 0.05 M ferricyanide in PBS (26) . Total amounts of nitrosyl adducts in vascular tissue were calculated by comparison of peak areas of the samples to those of freshly prepared standards. Intracellular nitrite and nitrate concentrations were measured in aliquots of aortic homogenates after methanol precipitation of proteins (1:1 vol͞vol) by using a dedicated HPLC system (ENO-20; EiCom, Kyoto). This method is based on the separation of nitrite and nitrate by ion chromatography, followed by on-line reduction of nitrate to nitrite, postcolumn derivatization with the Griess reagent, and detection at 540 nm. The detection limit is 1 nM for either anion at an injection volume of 100 l. Absolute amounts detected were converted into tissue concentrations, taking into account a volume of 20 l for the entire aortic segment homogenized (length, Ϸ3 cm; diameter, 2 mm; thickness, 0.1 mm). ) were chosen as reference compounds to carry out NO photocleavage experiments. Solutions of these substances were placed inside a temperature-regulated reaction vessel containing phosphate buffer (50 mM, pH 7.40) maintained at 37°C and continuously purged with nitrogen. The NO evolving as a result of photocleavage was swept with the inert carrier gas into the chemiluminescence analyzer (CLD 77AMsp, ECO Physics, Ann Arbor, MI) and quantified in the gas phase after reaction with ozone. An action spectrum for NO release was constructed for each compound by illumination with a tunable light source by using a 75-W xenon lamp filtered with a 8-nm bandpass monochromator (Shimadzu HPLC detector RF-551, flow cell removed) placed at a distance of 4 cm away from the reaction vessel. Solutions containing the potential NO store candidate were illuminated for periods of 1-2 min following a standard protocol of wavelengths that included 310, 320, 330, 340, 350, 360, 380, 400, 420, and 450 nm, applied in random order. Action spectra for NO release were corrected for variations in optical transmission of the reaction vessel and in output intensity of the illumination source, both of which were determined with the aid of a thermopilebased radiometer (detector 70262 and optical power meter 70310, ThermoOriel, Stratford, CT). The transmission of the reaction vessel from the exterior wall of the chamber to its center was estimated from the square root of the transmission across the full width. All wavelength transmission values across the full width of the vessel were determined from the ratio of transmitted to incident intensity and normalized to the corresponding ratio at 340 nm. The wavelength-dependent correction factors for the reaction chamber are listed in Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org.
(b) Calculation of in vitro photoactivity of potential NO stores. The photoactivity of an NO store, denoted here by ⌿, is defined in this study as the rate of photolysis per incident photon per NO store, i.e.,
where N is the NO-store concentration, and F is the photon flux. Eq. 1 can be expressed in terms of the extinction coefficient and the quantum yield of photolysis with the aid of the definition of photolysis quantum yield (dN͞dt) photolysis ϭ (dN͞dt) absorption and the optical rate equation (27) (dN͞dt) absorption ϭ ϪFN, where is the absorption cross section, and F is the photon flux. From these relations, and the conversion (in cm
), one obtains the formula
which was used in this study to calculate the photoactivity of NO-related species from published and values. Calculated values of photoactivity at the maximal extinction coefficient max for several substances are listed in Table 1 , including GSNO, SNOAlb, MbNO, and RRS. For substances where published values of or were not available, the photoactivity was estimated experimentally from the photolysis experiments described above. This was achieved by comparing the response (dN͞dt) photolysis obtained with the NO analyzer for a given substance X with that of GSNO, by using the following modified version of Eq. 1:
[3]
Substances included in this group included nitrite, nitrate, and N-dimethylnitrosamine. The photoactivity of nitros(yl)ated protein complexes such as SNOAlb and MbNO could not be evaluated by this method, because the release of NO from them may be influenced by subsequent trapping of the radical into hydrophobic pockets within the protein. Such trapping would lead to an underestimation of the true quantum yield of NO photocleavage from the primary binding site in these substances.
(c) Action spectra for photorelaxation in rat aortae. Aortic tissue was obtained from male Wistar rats (220-360 g) and sectioned into 4-to 5-mm rings. The individual rings were mounted between two tungsten rods, placed inside an organ chamber filled with 20 ml of Krebs-Henseleit buffer (pH 7.4, 37°C), and continuously bubbled with oxygen (95% O 2 ͞5% CO 2 ). Changes in isometric tension were Action spectra were obtained from photorelaxation measurements at multiple wavelengths by using the same tunable illumination source used for the photolysis experiments described above shining directly on the organ bath from a distance of 4 cm. The irradiance at the tissues varied from 0.1 to 0.5 mW͞cm 2 , depending on wavelength. Tissues were illuminated for a period of only 30 s at each wavelength to avoid photodepletion of highly photoactive NO stores. Preliminary investigations revealed that aortic segments were sensitive mostly to wavelengths in the range of 310-360 nm, and no measurable response was observed at wavelengths Ͼ500 nm. These data led us to define a standard protocol of wavelengths in the range 310-500 nm. All measurements were performed with dimmed ambient lighting (Ͻ15 lux). Our preliminary investigations also indicated that prolonged light exposure resulted in a partial depletion of the relaxation response that occurred rapidly, whereas the remaining response showed no sign of decay. This kinetic behavior suggests the presence of two or more storage forms of NO possessing different photoactivities and possibly different action spectra for NO release. The latter possibility was investigated here with measurements after a 60-min exposure of tissues to 335 nm of light. Action spectra for photorelaxation after optical depletion were obtained with illumination periods of 2 min at multiple wavelengths.
The above action spectra obtained before and after optical depletion were corrected for spectral variations in the output of the light source, transmission of the organ baths, and transmission through the aortic tissue itself. Corrections for spectral variations in light output and organ bath transmission were performed as described in ii a. Correction for the internal transmission in the tissue itself required a more elaborate procedure involving the characterization of tissue light scattering and absorption, because these processes affect the photon flux in the interior of the sample by way of attenuation, due to absorption within the sample and reflection losses, and by flux-enhancement due to multiple scattering within the tissue. Both processes are wavelength-dependent. The flux attenuation was estimated to a first approximation as the transmitted flux across the wall into the lumen of the aortic segment. The flux enhancement was determined by estimation of the differential pathlength (28) . Both estimates were made with the aid of three types of optical measurements shown in Fig. 1 , namely the integrated transmittance (Fig. 1A) , the integrated reflection (Fig. 1B) , and the collimated (or unscattered) transmittance (Fig. 1C) .
The integrated transmittance and reflectance of rat aortic tissue were measured with the aid of a 6-in integrating sphere (Newport, Fountain Valley, CA, 819-IS-6). The system used an illumination source based on a Xenon flash lamp pulsating at a rate of 10 Hz. The light was coupled into a 0.25-m monochromator equipped with a ruled grating (1,200 lines per mm and blazed for 500 nm) and 1-mm slits. Tissue samples consisted of aortic segments measuring 10 mm in length that were cut longitudinally, unfolded, and kept flat between the faces of a 100-m-pathlength quartz cell (Hellma, Forest Hills, NY, QS 201-2) filled with buffer solution. The light output from the monochromator was collected and focused onto the sample with a quartz lens. For transmittance measurements (see Fig. 1 A) , the tissue sample was positioned at the entrance port of the integrating sphere. The integrated transmitted light collected by the sphere was captured by a photomultiplier tube placed in the sphere wall and connected to a storage oscilloscope (HewlettPackard 54616), where the signal was averaged and recorded. The transmission coefficient was determined from the ratio of the above transmission measurement to one performed without tissue. A similar procedure was followed for the reflectance measurements. For the latter, the tissue was positioned at the exit port of the sphere (see Fig. 1B ) and its signal compared with a 99% reflectance standard.
The collimated transmittance was measured by using a separate experimental set-up (see Fig. 1C ). In this arrangement, the output light from the monochromator was collimated with the aid of two pinholes (3 and 2 mm in diameter) separated by 22 cm, and the sample placed 25 cm before the first. A photomultiplier tube connected directly to the oscilloscope measured the collimated transmission, with and without tissue, and the collimated transmittance was calculated from the ratio of the former to the latter.
The integrating sphere and collimated transmittance measurements were processed with the software package MAGICLIGHT (courtesy of Ilya Yaroslavsky, Palomar Medical Technologies, Lexington, MA). The software is based on a Monte Carlo technique (29) that simulates the transport of photons in a turbid medium and a quasi-Newton inverse solver to generate self-consistent solutions. This program produced estimates of the absorption coefficient as well as the fraction of photons absorbed by the tissue at each wavelength, which were used in the estimation of the tissue differential pathlength. The overall correction for internal transmission in the tissue was obtained by the product of the aortic wall transmission and the differential pathlength. (d) Calculation of in situ photoactivity of NO tissue stores. The photoactivity ⌿ of aortic NO stores was assessed in situ via the depletion kinetics they exhibit when exposed to a continuous light flux F. A kinetic model of photodepletion was obtained from integration of Eq. 1, which suggested a solution of the form
where N 0 is the initial concentration of stores in the tissue. Hence, all photodepletion kinetics were curve-fitted to Eq. 4 to obtain a numerical estimate of the combined factors ⌿F. The photon flux F within the tissues was then determined from the flux measurement before the surface of the organ baths with a thermopile-based radiometer and corrected for the coupling efficiency into the tissues due to light divergence through the cell and absorption͞scattering effects within the tissues as described in ii c. Depletion exposures were carried out for periods of 60 min at 335 nm, using the same tunable arrangement as described above. Fig. 1 . Diagram of the optical system used for the determination of the optical transmission and the differential pathlength in rat aorta, which were used to compensate photorelaxant responses for internal tissue filtering. Determination of these factors was achieved by measurements of the integrated transmittance (A), diffuse reflectance (B), and collimated transmittance (C) of the sample, and data were processed by using software that simulates the transport of photons via a Monte Carlo technique.
Results (i) Biochemical Quantification of Nitrite, Nitrate, and Nitroso Content
of Vascular Tissue. The major NO-related species in rat aortic tissue were found to be the end-products of oxidative NO decomposition, nitrite and nitrate. Assuming a homogenous distribution throughout endothelium and smooth muscle, their average tissue concentration corresponded to 10 Ϯ 1 M nitrite and 42 Ϯ 7 M nitrate (n ϭ 8). S-nitroso and N-nitroso compounds were found to be present in roughly equimolar amounts (40 Ϯ 6 nM RSNOs, 33 Ϯ 6 nM RNNOs; n ϭ 4). No O-nitroso or heme nitrosyl compounds were detected, suggesting that these species are either not formed at all or in quantitatively negligible amounts. Tissue that was not subjected to the equilibration procedure in the organ bath had very similar nitrite͞nitrate levels, but Ϸ3-fold higher levels of nitroso species (data not shown).
(ii) Optical Characterization of NO Stores. (a) In vitro characterization of action spectra for NO release from potential NO stores. Action spectra for NO release from a series of representative candidate NO stores were constructed by using discrete wavelengths of light as outlined in Methods. A representative tracing of GSNO photolysis is shown in Fig. 2 Inset. The corrected action spectra for NO release from GSNO and N-dimethylnitrosamine were found to closely match the absorption spectra of these compounds, peaking in the 330-to 340-nm range. The corresponding photolysis spectra for nitrite and SNOAlb were markedly broader compared with their UV absorption spectra. Nitrite photolysis peaked at 350 nm with another maximum at or below 310 nm, whereas SNOAlb exhibited gradually rising levels of NO release as the wavelength is decreased. No detectable NO release was obtained with exposure of nitrate to light in the 310-to 400-nm range. The wavelength maxima of these action spectra are listed in Table 1 . The spectral profiles of GSNO and nitrite photolysis were found to be concentration-independent. In the case of nitrite, the efficacy of photolysis (photoactivity) was concentration-dependent, following a power dependence of Ϸ0.58. In contrast, the photoactivity of GSNO scaled linearly with concentration. Fig. 2 depicts the action spectra for NO release from GSNO and nitrite. Both spectra were obtained at concentrations similar to those measured for nitrite in aortic tissue (10 M) with the GSNO spectrum adjusted by a factor of 100 to bring both spectra onto the same scale and to reflect more closely the biochemically determined concentration ratio of RSNO͞nitrite in the tissue. (b) Calculation of in vitro photoactivity of potential NO stores. Photoactivity values for GSNO, SNOAlb, RRS, and MbNO were calculated by using the formula shown in Eq. 2 and reported values of max and for these compounds, (19, 22, 23, 30) , whereas corresponding values for nitrite, nitrate, and N-dimethylnitrosamine were determined from data of in vitro photolysis experiments by using Eq. 3. The results of our calculations, summarized in Table 1 ). The surprisingly low photoactivity of MbNO is due to efficient (99.85%) geminate recombination of the NO moiety with the heme.
The photoactivity of N-dimethylnitrosamine, nitrite, and nitrate, which were found with the aid of Eq. 3, yielded values of 4 ϫ 10 Ϫ20 , 1.5 ϫ 10
Ϫ20
, and Ͻ10 Ϫ23 ⅐cm 2 , respectively. In the case of nitrite, as stated above, the photoactivity reported was found to be concentration-dependent, following a power dependence of Ϸ0.58. The value reported here for nitrite was obtained at a concentration similar to the one assayed for rat aortic tissue (10 M). Nitrate photolysis yielded no detectable NO, placing the photoactivity of this substance at a level Ͻ10 Ϫ23 ⅐cm 2 . (c) Action spectra for photorelaxation in rat aortae. The vascular dilatory response to short-lasting monochromatic exposures at various wavelengths is shown in Fig. 3 Inset. The onset of relaxation typically occurred within a few seconds and reached its maximum within 30 s. A total of 67 such tracings obtained with separate aortic segments from 23 animals were averaged and corrected for the spectral distortions by using the correction factors listed in Table 2 . In general, the spectral profiles were remarkably consistent in all tissue segments examined, but their overall amplitude varied significantly between individual animals and along the aortic tree. Typically, relaxations were more pronounced in segments of or near the aortic arch and weaker in the more distal parts. Importantly, the amplitude of the responses exhibited a significant reduction with increasing animal age (not shown). The action spectrum for photorelaxation obtained after averaging is represented by the upper curve in Fig. 3 . The spectrum is characterized by a band peaking in the 330-to 340-nm range. After a 60-min exposure to monochromatic light at 335 nm, intended to deplete the above photoactive store, the action spectrum for photorelaxation exhibited a spectral and amplitudinal transformation, resulting in a multifeatured spectrum that peaks around 340-360 nm and at or below 310 nm (see Fig. 3 , lower curve). The wavelength maxima of the action spectra for photorelaxation, before and after optical depletion, are tabulated in Table 1 . (d) Calculation of photoactivity of NO stores in rat aortae. With the onset of illumination at 335 nm, a transient vasodilatory response was produced that decayed within a few minutes to a steady-state response of much lower amplitude (Fig. 4) . The vasodilatory response decayed exponentially, as predicted by Eq. 4 and demonstrated by the near-perfect superimposition of the curve-fit to this equation (see Fig. 4 ). Curve-fits were obtained from 10 individual depletion tracings by using paired segments of 5 animals at 335 nm to determine the value for the factor ⌿F. An average value of 0.0018 Ϯ 0.0002 sec ), from which a photoactivity ⌿ of 4 ϫ 10 Ϫ18 ⅐cm 2 was obtained for the NO-store peaking in the 330-to 340-nm range (Table 1) .
After depletion of the above NO store, the photorelaxant response dropped to a lower but sustained level (Fig. 4 Inset) . This phenomenon is presumably due to the presence of a highly abundant but poorly photoactive NO store. The lack of observable depletion of this second NO store (even with illumination periods exceeding 2 h) prevented us from calculating its photoactivity. Nevertheless, we were able to estimate a limiting value for the photoactivity with the recognition that the lack of observed depletion implies the depletion time for this species must be at least one order of magnitude greater than the exposure time of 1 h used in our experiments. This indicates that the factor (⌿F) Ϫ1 must be Ͼ36,000 sec, or that ⌿F is Ͻ0.000028 sec Ϫ1 at an irradiance of 0.3 mW͞cm 2 , leading to an upper-bound value of 6 ϫ 10 Ϫ20 ⅐cm 2 for the photoactivity of the second species (Table 1) .
Discussion
The present investigation took advantage of two analytical techniques recently developed in our laboratories to identify and quantify NO stores in vascular tissue. The first technique is a biochemical method capable of assaying vascular tissue homogenates for trace levels of NO-related products, including nitrite, S-nitroso, and other nitroso species, which was complemented by an ion-chromatographic method for simultaneous quantification of nitrite and nitrate. The second technique used for the identification of NO-related substances is based on their ability to undergo photolytic cleavage to NO, resulting in a functional vasodilator response. Identification of compounds was achieved through spectral analysis and quantitative assessment of their photosensitivity. Particular attention was given in this study to minimizing artifacts that often challenge UV spectroscopy, including wavelengthdependent changes in intensity of the illumination source, the transparency of the organ chambers used, and internal filtering within tissues. Correction for the latter was possible by advances made during the last decade in the area of tissue spectroscopy, which allowed us to account fully for scattering and absorption effects that take place inside the highly turbid vascular medium. The photoactivity of NO-related products was quantified by their ability to capture an incident photon (i.e., the extinction coefficient) and the probability that the absorbed photon will cleave NO off the substance (i.e., the photolysis quantum yield). The photoactivity so defined is expected to differ among different NO-containing substances, depending on which type of atom NO is bound to and on caging effects at the binding site, and was therefore exploited to further pinpoint the identity of these substances.
Our biochemical studies revealed that rat vascular tissue contains four different products of oxidative and nitrosative NO metabolism, namely nitrite, nitrate, RSNOs, and RNNOs. Of those, RSNOs appeared by far to have the highest photoactivity in vitro, followed an order of magnitude lower by RNNOs, and another order of magnitude lower by nitrite. No appreciable NO release was observed from nitrate even at high concentrations. Importantly, our determination of the action spectra for NO release from different RSNOs yielded clearly distinct spectral profiles values for seemingly similar compounds.
Our optical studies in rat aortae clearly revealed the existence of two types of NO-related photoactive substances. This was evidenced by the biphasic nature of the depletion kinetics and the distinctive action spectra for photorelaxation obtained during both phases. The action spectrum and depletion kinetics obtained during the first phase is characterized by a distinct peak at 330-340 nm, and a high photoactivity comparable to those obtained for RSNOs and RRS. Both photolysis properties are consistent with those obtained for GSNO (see Table 1 ). The identification of this NO store as a GSNO-like compound is in line with recent work by Megson et al. (16) , who demonstrated that the extent of photorelaxation of the depletable store in rat vascular tissue is modulated by the tissue level of glutathione. The action spectrum for photorelaxation obtained after depletion of the GSNO-like store displayed a broader spectrum that resembled the nitrite action spectrum for NO release. The low photoactivity of this aortic substance was also consistent with that of nitrite (see Table 1 ).
One of the most striking results of the present study is the close match in the amplitudes of the action spectra for NO release (Fig. 2) and those of the action spectra for photorelaxation (Fig.  3) . In Fig. 2 , it was necessary to reduce the GSNO values by two orders of magnitude relative to those of nitrite to bring them to the same plotting scale. This scale reduction was necessary due to the low photoactivity of nitrite, which is two orders of magnitude lower than that of GSNO. In Fig. 3 , the action spectra for photorelaxation were found to have amplitudes of compa- rable magnitude, just when our biochemical assay indicates that the concentration of the second NO store (presumably nitrite) was two orders of magnitude larger than that of the first NO store (presumably a GSNO-like substance). The consistency between the biochemical, photolytical, and functional results further argue in favor of a GSNO-like substance and nitrite as the NO stores that dominate the action spectra for photorelaxation.
The identification of two major photoactive NO stores made in the present study may help us understand why previous studies reached different conclusions regarding the nature of the photoactive material. For instance, Furchgott et al.'s (5) action spectrum for photorelaxation in rabbit vascular tissue has a strong resemblance to the one we obtained after depletion. This might indicate that the photorelaxation observed originally in rabbit aorta was largely due to nitrite rather than S-nitroso substances, as we have observed in rat vascular tissue. The distinction could be indicative of differences in NO-store composition among species and perhaps could be of nutritional origin (herbivores vs. omnivores). Interestingly, when Furchgott (6) incubated his tissues with nitrite, the action spectrum for photorelaxation was significantly enhanced at 355 nm. He later demonstrated that nitrite photolysis released a potent vasodilator, and thus attributed the earlier potentiation of the photorelaxation action spectrum to NO liberation from nitrite photolysis (31) . Although the present work clearly confirms that nitrite photolysis releases NO, its action spectrum for NO release does not exhibit a distinct peak at 355 nm. The potentiation obtained with nitrite incubation might therefore rather have been the result of a nitrite-mediated nitrosation of vascular thiols, giving rise to RSNO formation.
Two important points demonstrated in the present study are that compounding spectral artifacts can mask the true identity of photoactive substances in tissues, and that spectral corrections play a key role in uncovering them. According to the correction factors we obtained, all spectral artifacts considered here lead to an underestimation of functional responses elicited by shorter wavelengths of light. In particular, our results showed that tissue internal absorption can lead to significant spectral alterations even in only 100-m-thick tissues, such as rat aorta. Therefore, the peaks reported by Furchgott (6) at 355 nm and Chaudhry et al. (8) at 364 nm, which were obtained in rabbit aorta, a considerably thicker tissue, would likely be manifested at significantly shorter wavelengths if tissue spectral corrections had been implemented. The importance of correcting for UV transmission of the organ bath material was also demonstrated here. This factor is likely to affect the outcome of experiments conducted in the absence of UVtransparent organ baths and may have contributed to further spectral shifting in the previous studies by Karlsson et al. (7) and Chaudhry et al. (8) .
Collectively, the present study provides, to our knowledge, the first unequivocal identification and quantitative assessment of NO stores in vascular tissue. Whereas our functional data clearly demonstrate that these NO stores have the capacity to modulate blood vessel tone, a question that remains unanswered is whether these stores can be bioactivated in vivo to the extent they were optically. Earlier in vitro studies have demonstrated that RSNOs decompose with the release of NO by heat, light, and interaction with metals, thiols, and ascorbate (32) , whereas tissue acidification [e.g., during hypoxia (33)] and enzymatic reduction by xanthine oxidoreductase (34) have been implicated in NO formation from nitrite. Little information is available, however, as to which of these mechanisms might be involved in the bioactivation of NO stores in vivo. Besides these mechanistic considerations probably the most crucial question to address in future studies is that of the potential biological significance of NO stores. The undeniable presence of vascular NO stores under basal conditions suggest that they either represent markers of local nitrosative events or serve a physiological function yet to be unraveled. NO stores may not be unique to vascular tissue but exist in other organs and serve other functions. The use of light may be key to elucidating these potential new NO-related pathways in health and disease.
